The emergence of high-efficacy synthetic cannabinoids as drugs of abuse in readily available K2/'Spice' smoking blends has exposed users to much more potent and effective substances than the phytocannabinoids present in cannabis. Increasing reports of adverse reactions, including dependence and withdrawal, are appearing in the clinical literature. Here we investigated whether the effects of one such synthetic cannabinoid, 1-pentyl-3-(1-naphthoyl)indole (JWH-018), would be altered by a prior history of D 9 -tetrahydrocannabinol (D 9 -THC) exposure, in assays of conditioned taste aversion and conditioned place preference. In the conditioned taste aversion procedure, JWH-018 induced marked and persistent aversive effects in mice with no previous cannabinoid history, but the magnitude and duration of these aversive effects were significantly blunted in mice previously treated with an ascending dose regimen of D 9 -THC. Similarly, in the conditioned place preference procedure, JWH-018 induced dose-dependent aversive effects in mice with no previous drug history, but mice exposed to D 9 -THC before place conditioning showed reduced aversions at a high JWH-018 dose and apparent rewarding effects at a low dose of JWH-018. These findings suggest that a history of D 9 -THC exposure 'protects' against aversive effects and 'unmasks' appetitive effects of the high-efficacy synthetic cannabinoid JWH-018 in mice. This pattern of results implies that cannabinoid-naive individuals administering K2/'Spice' products for the first-time may be at an increased risk for adverse reactions, whereas those with a history of marijuana use may be particularly sensitive to the reinforcing effects of high-efficacy cannabinoids present in these commercial smoking blends.
Introduction
Smoking blends containing high-efficacy synthetic cannabinoids (often marketed as 'K2' and 'Spice') have recently emerged as popular substitutes for cannabis. Commercial preparations of these products are readily available, heavily marketed toward young people, perceived as safe, and not easily detected in drug screens (Vardakou et al., 2010) . Similar to D 9 -tetrahydrocannabinol (D 9 -THC), the primary psychoactive constituent of marijuana, the synthetic compounds in these smoking products are presumed to elicit their psychoactive effects by activating CB1 cannabinoid receptors in the central nervous system, although many of these compounds possess much higher efficacy than D 9 -THC (Atwood et al., 2010; Brents et al., 2011) . Importantly, the majority of young people using synthetic cannabinoids also abuse marijuana (Hu et al., 2011; Vandrey et al., 2012) .
Preclinical data suggest that a history of D 9 -THC exposure alters the motivational properties of subsequent D 9 -THC. For example, D 9 -THC tends to elicit conditioned place aversion (CPA) in drug-naive subjects, but will induce conditioned place preference (CPP) if subjects are first 'primed' by pre-exposure to the drug (Valjent and Maldonado, 2000; Tzschentke, 2007) .
Similarly, a history of D 9 -THC exposure blunts conditioned taste aversion (CTA) to a novel flavor paired with subsequent D 9 -THC administration (Fischer and Vail, 1980; Switzman et al., 1981) . These findings suggest that the motivational effects of emerging high-efficacy synthetic cannabinoids in those with a history of D 9 -THC use may markedly differ from those observed in D 9 -THCnaive users.
In these studies, we assessed the aversive effects (using a CTA procedure) and appetitive effects (using CPP) of the high-efficacy aminoalkylindole synthetic cannabinoid 1-pentyl-3-(1-naphthoyl) indole (JWH-018) in mice, and determined how these effects were modulated by prior exposure to D 9 -THC. The major hypothesis tested in these studies was that prior exposure to D 9 -THC may render mice less sensitive to the aversive effects of JWH-018, but more sensitive to the appetitive/'rewarding' effects of this compound.
Methods
Subjects received at 20-23 g and housed, three animals per Plexiglas cage (15.24 Â 25.40 Â 12.70 cm) , in a temperature-controlled room maintained on a 12-h light/dark cycle (lights on at 07:00 h). Animals were fed Lab Diet rodent chow (Laboratory Rodent Diet #5001; PMI Feeds Inc., St Louis, Missouri, USA) as needed to maintain their weights within 28-30 g during experiments, and water was freely available in the home cages. All studies were carried out in accordance with the Declaration of Helsinki and with the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health. Groups of six mice per condition were used in CTA and CPP experiments, and each subject was exposed to only one experimental treatment. An escalating-dose regimen of D 9 -THC was used to establish a cannabinoid history in some subjects before behavioral testing, whereas control subjects were administered a similar repeated regimen of drug vehicle (see below). Injections were administered intraperitoneally in the colony room, and escalated through doses of 1, 3, 10, 30, and 100 mg/kg of D 9 -THC. This dose regimen had been previously used to elicit tolerance to rate-decreasing effects in mice (unpublished observations). The drug (or vehicle) was injected every other day, and saline was administered on intervening days, for five total drug (or vehicle) injections. The first pairing for CTA studies or the CPP initial preference session was conducted 2 days after the final D 9 -THC (or vehicle) injection.
Conditioned taste aversion
Experiments were conducted in operant chambers (Med Associates, St Albans, Vermont, USA) enclosed within light-attenuating and sound-attenuating boxes. Two lit nose-poke apertures were located on the front panel of the chamber with a reinforcement aperture centered between them. Head entries into either nose-poke aperture broke a photobeam and registered a response. Reinforced responses allowed mice a 5-s access period to a 0.01 ml dipper of evaporated milk (Kroger, Cincinnati, Ohio, USA) diluted 50% with water, immediately followed by a 10-s timeout. Training sessions ended either after 60 min or after 60 milk presentations, whichever occurred first. Initial training sessions used a fixed ratio (FR) 1 schedule of reinforcement (FR1), and every 20th reinforcer earned incremented the FR by 1. Mice were shaped to a terminal FR5 across sessions, and CTA trials began when response rates varied no more than 20% between three consecutive training sessions. During CTA trials, a novel flavored solution was used to reinforce responding, consisting of 1 ml strawberry syrup (Kroger) per 8 ml of the milk reinforcer. Immediately after the first and second sessions, during which flavored milk was available, mice were removed from the chamber, injected (intraperitoneally) with 3.0 mg/kg JWH-018 (a dose that elicits marked unconditioned effects in the cannabinoid tetrad; Brents et al., 2011; , and then returned to the home cage in the colony room. Thus, the flavored milk reinforcer was paired with JWH-018 administration only twice. Three 'recovery' sessions, during which unflavored milk reinforced responding, were interposed between each CTA trial. An additional group of mice (an 'unpaired' control group) was identically trained to respond for unflavored milk presentations and tested with flavored milk. These animals were also injected with 3.0 mg/kg JWH-018 after the first two flavored milk sessions; however, these injections were administered at least 10 h after the sessions ended and were administered in the colony room.
Place conditioning
Place conditioning was accomplished using Panlab threecompartment spatial discrimination chambers (Harvard Apparatus, Holliston, Massachusetts, USA), consisting of a box with two equally sized conditioning compartments connected by a corridor. The compartments were differentiated on the basis of the visual pattern on the walls, color, floor texture, and shape, providing multiple contextual dimensions across sensory modalities. An initial preconditioning preference test was first conducted, in which mice were allowed to explore the apparatus for 30 min, and the last 15 min of behavior was recorded and scored. Over the next 2 days, mice were housed in the colony room and were assigned to receive drug in their nonpreferred compartment and saline in their preferred compartment. The conditioning phase began with mice receiving a saline injection and being confined to their preferred compartment for 30 min. After the saline conditioning trial, mice were removed and returned to their home cage. Mice were injected with 0.1 or 1.0 mg/kg JWH-018, or with 3.0 mg/kg of the psychostimulant SR(±)-3,4-methylenedioxymethamphetamine (MDMA, as a noncannabinoid positive control), 4 h later and confined to their nonpreferred compartment for 30 min. Thus, mice were conditioned with both saline and drug each day, for four total trials with each injection condition. A 15-min postconditioning preference test was performed the day after the final conditioning trial. The entire test was recorded and scored, but was otherwise conducted in a manner identical to the preconditioning preference test described previously. Drugs JWH-018 was synthesized by Thomas Prisinzano (University of Kansas, Lawrence, Kansas, USA) and provided as a generous gift to the investigators. D 9 -THC and SR(±)-MDMA were supplied by the National Institute on Drug Abuse (NIDA, Bethesda, Maryland, USA). MDMA was dissolved in physiological saline, whereas both cannabinoids were dissolved in a vehicle consisting of absolute ethanol : emulphor : physiological saline in a ratio 1 : 1: 18. All drug solutions were stored at 41C until use, and all injections were administered intraperitoneally at a constant volume of 0.01 ml/g.
Data analysis
Because intersubject variability in response rates was relatively high in CTA experiments, response rates during aversion trials were transformed to percent of unflavored milk control, by dividing each individual trial rate by that subject's mean rate on the previous three 'milk recovery' days, then multiplying by 100. Rates for each trial were compared using one-way repeated-measures analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) test for all possible pairwise comparisons. For CPP studies, a preference (or aversion) score was calculated by subtracting the preconditioning test time spent in the compartment, which was subsequently paired with drug administration, from time spent in that same compartment during the postconditioning test. Preference/aversion scores were not normally distributed and therefore, comparisons across groups were made using the Kruskal-Wallis one-way ANOVA on ranks, followed by Tukey's HSD test. Statistical significance was judged at P less than 0.05.
Results

Conditioned taste aversion
During the first (prepairing baseline) session, in which the flavored milk reinforcer was available, mice in all groups responded at high rates, which were not different from control rates observed in sessions in which unflavored milk was available ( Fig. 1, 'Bl' points) . For the group in which the flavored milk reinforcer was not paired with JWH-018 administration (Fig. 1, open squares), response rates across trials did not significantly differ from the baseline observation (P > 0.05 for all comparisons). The range of mean rates for this group varied from a low of 90.04±5.48% to a high of 107.16±2.88% across all trials. In contrast, mice preexposed to the cannabinoid vehicle only (Fig. 1, filled  circles) showed markedly reduced response rates for the flavored milk reinforcer paired with JWH-018 administration during the first six aversion trials (q = 10. 95, 11.36, 11.41, 11.35, 9.71, and 8.66 , respectively, and P < 0.001 for all comparisons), but recovered completely by the eighth trial (q = 0.80, P > 0.05). Interestingly, mice pre-exposed to the escalating D 9 -THC regimen (Fig. 1 , gray triangles) showed a blunted taste aversion to the flavored milk reinforcer paired with JWH-018 administration. For these animals, response rates were significantly reduced only during the first three aversion trials (q = 8.32, 8.81, and 6.00, respectively, and P < 0.001 for all comparisons), and they completely recovered by the fourth trial (q = 0.60, P > 0.05). Further, the degree of response rate suppression was significantly lesser in D 9 -THC-treated mice than observed in vehicle-treated mice on trials 1-3 (q = 3.33, 3.250, and 6.10, respectively, P < 0.05 for all comparisons).
Place conditioning
Administration of JWH-018 elicited dose-dependent effects on place conditioning. The high JWH-018 unit dose (1.0 mg/kg/injection) resulted in a negative preference score in mice previously exposed to the drug vehicle only (Fig. 2, filled bars) , indicative of CPA. These apparent aversive effects were blunted in mice previously treated with the escalating D 9 -THC regimen (Fig. 2, open  bars) , and the between-group difference was significant at this high JWH-018 unit dose (q = 3.60, P < 0.05). The low JWH-018 unit dose (0.1 mg/kg/injection) also produced a negative preference score in mice previously exposed to the drug vehicle only (Fig. 2, filled bars) , but elicited a positive preference score, indicative of CPP, in mice previously treated with the escalating D 9 -THC regimen (Fig. 2, open bars) . The between-group difference was also significant at this low JWH-018 unit dose (q = 4.10, P < 0.05.) Importantly, the escalating D 9 -THC regimen did not alter the apparent appetitive effects of a 3.0 mg/kg/injection unit dose of MDMA (P > 0.05).
Discussion
Consistent with previous studies demonstrating aversive effects of cannabinoids in cannabinoid-naive subjects (Fischer and Vail, 1980; Switzman et al., 1981) , the present CTA studies also demonstrate profound aversive effects after only a single pairing of 3.0 mg/kg JWH-018 and a novel flavor ('postconditioning trial 1') in mice with no prior cannabinoid history. These aversive effects were persistent, as responding for the JWH-018-paired flavor did not return to baseline levels until postconditioning trial 7 or 8, although a 'floor effect' may certainly be involved in the prolonged recovery observed in these animals. In contrast, mice previously treated with the escalating D 9 -THC dose regimen showed significantly blunted taste aversion, in which case response rates in these subjects were no lower than 30% of that in controls and returned to baseline levels faster than in the D 9 -THC-naive group.
Previous reports also show that D 9 -THC pre-exposure is required to unveil the apparent rewarding effects of D 9 -THC in the CPP assay in mice (Valjent and Maldonado, 2000; Valjent et al., 2002; Castañé et al., 2003) , and our present CPP results extend this observation to the highefficacy synthetic cannabinoid JWH-018, but not to the noncannabinoid drug of abuse MDMA. Presumably, the learned association between a novel context and the interoceptive stimulus properties of the paired drug interacts with the pharmacological history to dictate both the magnitude and the directionality of the place conditioning effect. Interestingly, mice conditioned with JWH-018 without a prior D 9 -THC history avoided the drug-paired compartment in a dose-dependent manner during postconditioning tests -a result generally thought to indicate that the drug has aversive stimulus properties (Bardo and Bevins, 2000) .
The major finding of the present research is therefore that a history of D 9 -THC 'protects' against aversive effects and 'unmasks' apparent rewarding effects of the high-efficacy synthetic cannabinoid JWH-018 in mice. In contrast, JWH-018 elicited marked and persistent aversive effects in D 9 -THC-naive animals in the CTA procedure, and induced only CPA in the CPP procedure. These results suggest that cannabinoid-naive individuals using K2/'Spice' products may be at increased risk of adverse reactions, perhaps requiring medical intervention (Muller et al., 2010; Vearrier and Osterhoudt, 2010; Schneir et al., 2011) . In contrast, those with a history of marijuana use may be particularly sensitive to the appetitive effects of high-efficacy cannabinoids present in these commercial smoking blends, perhaps leading to escalated use and dependence (Zimmermann et al., 2009; Nacca et al., 2013) . These suppositions are supported by a recent case series documenting no adverse reactions to K2/'Spice' use in three regular marijuana smokers meeting the cannabis dependence criteria, as defined by the Diagnostic and Statistical Manual of Mental Disorders, 4th ed.
-text revision (Gunderson et al., 2012) .
Among the cannabinoids, tolerance to numerous in-vivo effects is readily induced across species (reviewed in Adams and Martin, 1996) ; hence, cross-tolerance between D 9 -THC and JWH-018 could be at least partially responsible for the currently observed attenuation of apparent aversive effects. Indeed, cross-tolerance between D 9 -THC and high-efficacy synthetic cannabinoids has been reported in humans (Gunderson et al., 2012) , nonhuman primates (Hruba et al., 2012) , and mice . It has been proposed that the 'hedonic effects' of a drug are determined by a relative balance between appetitive and aversive effects (Riley, 2011) ; thus, tolerance to aversive effects would be expected to alter this balance in favor of appetitive effects, perhaps explaining the 'unmasking' of the apparent rewarding effects of JWH-018 in the present CPP experiments. Alternatively, D 9 -THC-induced changes in learning (Davis and Riley, 2010) or reward sensitization (Robinson and Berridge, 2008) could also account for the effects reported in this study.
As states and municipalities within the USA consider normalizing recreational marijuana use, it is important to emphasize that the synthetic cannabinoids present in 
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Place conditioning effects of four administrations of 0.1 or 1.0 mg/kg JWH-018, or 3.0 mg/kg MDMA, in mice previously exposed to an escalating-dose regimen of D 9 -THC, or in THC-naive animals. Horizontal axis: drug and unit dose used in afternoon place conditioning sessions, in mg/kg. Vertical axis: the mean (±SEM) preference score, calculated as the difference between time spent in the drug-paired compartment during the postconditioning test and time spent in that compartment during the preconditioning test, in seconds. *Significant differences between the THC-naive and THC-history groups, as determined by Kruskal-Wallis one-way analysis of variance on ranks and Tukey's honestly significant difference test (P < 0.05). JWH-018, 1-pentyl-3-(1-naphthoyl)indole; MDMA, SR(±)-3,4methylenedioxymethamphetamine; D 9 -THC, D 9 -tetrahydrocannabinol. K2/'Spice' products are often much more potent and efficacious drugs than the phytocannabinoids present in the marijuana plant. Our present results also suggest that high-efficacy synthetic cannabinoids are likely to elicit aversive effects in drug-naive individuals, but these aversive effects may be attenuated in those with a history of cannabis use, allowing some apparent rewarding effects to be 'unmasked'. This has implications not only for drug abuse and dependence, but also for the ongoing debate with regard to deregulation of marijuana use and control of emerging synthetic cannabinoids present in readily available smoking blends.
